1. Introduction {#s0005}
===============

Parkinson's disease (PD) is the second most common progressive neurodegenerative disorder in people aged above 60. Patients with PD manifest various motor symptoms and non-motor symptoms, such as bradykinesia, rigidity, resting tremor, depression, and cognitive impairment ([@b0045]). The core mechanism of PD is the gradual accumulation of Lewy body in the brain, which damages dopaminergic neurons in the substantia nigra pars compacta. The activation of indirect pathways and inhibition of direct pathways causes imbalance in the basal ganglia network, and leads to motor symptoms ([@b0005], [@b0010]). Additionally, PD pathology also presents in the form of Lewy neuritis, which accumulate in axons and damages white matter connections ([@b0045]). A growing body of evidence suggests that brain circuit changes are the foundation of not only motor symptoms, but also non-motor symptoms such as depression and cognition impairment ([@b0050], [@b0115], [@b0175], [@b0340]). Therefore, investigating white matter fiber tract alterations may help us better understand the mechanism of PD at the circuit level.

Diffusion tensor imaging (DTI) is traditionally used to investigate white matter fiber integrity changes in PD, and metrics such as fractional anisotropy (FA) and mean diffusivity (MD) were used to reflect the structural integrity of white matter ([@b0025], [@b0030]). Quantitative comparisons using voxel-based or cluster-averaged metrics were then performed to demonstrate group differences or correlation with disease symptoms ([@b0155]). Over the past decade, several DTI studies have reported abnormal microstructures in white matter fibers of patients with PD ([@b0020], [@b0060], [@b0095], [@b0235]). These abnormalities in white matter might be associated with motor symptoms ([@b0310]), impaired executive functions ([@b0235]), color discrimination deficits ([@b0035]), cognitive deficits ([@b0110], [@b0190]), olfactory impairment ([@b0125]), and depression ([@b0170]). Although several fiber alterations have been detected using the DTI methods, some of the results may be inaccurate and are difficult to interpret because confounding factors, such as crossing fibers, were not considered. A major limitation of the routine diffusion tensor model is its limited ability to identify diffusivity in complex and crossing fibers, which is present in up to 90% of white matter voxels at the current diffusion tensor image resolution ([@b0145]). When differences are detected in voxels of crossing fiber populations, it is difficult to attribute the alterations to specific fiber pathways ([@b0075]). Furthermore, if one of the crossing fibers within a voxel has decreased white matter integrity while the other one has increased connectivity, the conventional method may fail to detect both alterations. Therefore, even though the voxel-averaged measures of tensor-derived metrics could reflect abnormalities in certain white matter regions, they are inherently neither fiber-specific nor easily interpretable. Additionally, in neurodegenerative disease conditions such as PD, white matter alterations exist in various forms, such as fiber atrophy and demyelination. The mixture of macro- and micro- structural alterations complicates the crossing fiber issue.

The development of higher-order DTI models make the estimation of multiple fiber orientations within voxels possible ([@b0295]). A new method called fixel-based analysis (FBA) enables the conduction of fiber-tract-specific statistical analysis ([@b0255]), whereby a 'fixel' refers to a specific fiber population within a voxel ([@b0250]). Using FBA, we can estimate the orientations of multiple fiber populations within one voxel, and also derive quantitative metrics that can reflect both macroscopic and microscopic fiber changes ([@b0105]), including: (i) fiber density (FD), which reflects the density of fibers within a fiber bundle; (ii) fiber-bundle cross-section (FC), which reflects the macro-structural property of fiber bundles; and (iii) fiber density and cross-section (FDC), which reflects a combination of both macroscopic and microscopic degenerative processes. FBA facilitates fiber tract-specific comparisons, in contrast to analyses of voxel-averaged metrics. This method has been used to detect white matter alterations in several diseases, including Alzheimer's disease ([@b0200]), Major Depression Disorder ([@b0185]), and Multiple Sclerosis ([@b0090]), and has been shown to demonstrate good sensitivity and reliability.

In the present study, we aimed to use FBA to investigate white matter fiber alteration in early stage and middle stage PD patients and to explore the association between fiber alterations and clinical symptoms. In several recent *meta*-analysis studies, decreased FA and/or increased MD in the corpus callosum, cingulum, internal capsule, and temporal lobe fiber tracts were found in PD patients ([@b0015], [@b0020]). Therefore, we expect to find similar alterations. Additionally, although the corticospinal tract (CST) and cerebellar tracts are important motor pathways and were thought to be involved in PD, previous studies reported relatively preserved fiber tract integrity in PD patients ([@b0095], [@b0180], [@b0210]). With this new methodology, we hope to identify subtle changes in these fiber tracts. Moreover, patients at different disease stages might have different fiber tract alterations, reflecting the pathological features of PD.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

Seventy-six healthy controls (HCs) and 98 PD patients were recruited from the Department of Neurology, Second Affiliated Hospital of Zhejiang University. PD was diagnosed by a senior neurologist according to the UK PD Brain Bank criteria ([@b0120]). The exclusion criteria included history of neurological or psychiatric disorders or brain trauma at any point in time in their lives. Scores of the Hamilton Depression Rating Scale 17 Items (HAMD-17), Mini-mental State Examination (MMSE), H&Y stage, the Hamilton Anxiety Scale (HAMA), and Unified Parkinson's Disease Rating Scale part-III (UPDRS-III) were obtained from all subjects by a special scale assessor. The clinical assessments and MR scanning were performed in the OFF condition. Classification of disease stage in PD was typically performed using H&Y staging. Therefore, we divided the patients into two groups (41 PD patients in either the HY1 or HY1.5 stage were collectively called the early stage (ES) group; 57 PD patients in either the HY2 or HY2.5 stage were collectively called the middle stage (MS) group). All the subjects signed written informed consent forms before participating in the study. This study was approved by the Medical Ethics Committee of Second Affiliated Hospital, Zhejiang University.

2.2. Image acquisition and preprocessing {#s0020}
----------------------------------------

Participants were scanned using a GE Discovery 750 3.0 T MR scanner in the Department of Radiology, Second Affiliated Hospital of Zhejiang University. In order to reduce head motion as much as possible, ear plugs and foam pads were used to prevent noise entry. Otherwise, participants who had claustrophobia, metal implants, or any other situation that makes MRI scan impossible were excluded in this study. Diffusion MR images (dMRI) were acquired with the following parameters: TR/TE = 8,000 ms/minium; acquisition matrix = 128 × 128; field of view = 256 mm × 256 mm; slice thickness = 2 mm, no gap; 67 contiguous axial slices; 30 gradient directions (b = 1000 s/mm^2^) with five acquisitions without diffusion weighting (b = 0). Additionally, all patients underwent anatomical T1/T2 imaging, susceptibility imaging, and resting-state functional imaging. The entire acquisition time for each subject was approximately 50 min.

Preprocessing of dMRI included denoising, unringing, motion and distortion correction, bias field correction, and up-sampling dMRI spatial resolution in all three dimensions using cubic b-spline interpolation to a voxel size of 1.3 mm^3^ ([@b0245], [@b0300], [@b0305]). Detailed processing steps can be obtained on the MRtrix3 website: <https://mrtrix.readthedocs.io/en/latest/>. Data was also intensity normalized across all subjects using the median b0 image intensity within a white matter mask. All preprocessing steps were conducted using commands implemented within MRtrix3 (www.mrtrix.org) or using external software packages invoked by MRtrix3 scripts.

Following these preprocessing steps, fiber orientation distributions (FODs) were computed using the Multi-Shell Multi-Tissue Constrained Spherical Deconvolution (MSMT-CSD) method, with group averaged response functions of white matter. Even though the data were single-shell data, we used MSMT-CSD to take advantage of the hard non-negativity constraint, which was demonstrated to produce more robust outcomes ([@b0145], [@b0295]). Subsequently, a group-specific population template was created with an iterative registration and averaging approach ([@b0240]) using FOD images from 30 subjects (10 ES PD patients, 10 MS PD patients, and 10 HCs). Finally, through an FOD-guided non-linear registration, each subject's FOD image was registered to the template ([@b0245]). Additionally, we calculated the values of FD, FC, and FDC for each subject across all white matter fixels. Details of the FBA method and interpretations for generated metrics have been described by [@b0255]. In brief, FD can be generated from transformed FOD images at each voxel based on the Jacobian matrix. FD is sensitive to alterations at the microstructure level. FC can be derived from the warp field calculated from the template to subject space, and is sensitive to fiber atrophy. Moreover, to ensure that the data are centered around zero and normally distributed, we calculated the log-FC instead of the FC for comparison ([@b0255]). Similar to the FC, a larger value of log-FC means a larger cross-section. Similar to the template frame of reference, log-FC values \> 1 mean a larger cross-section in the subject, and log-FC values \< 1 mean a smaller cross-section. FDC is a combination of both FD and FC information and can reflect general fiber alterations. In disease conditions, decreased FC may indicate that the fiber has atrophied, and decreased FD may represent a pathological condition such as gliosis or inflammation ([@b0100]). Please see [Supplementary Fig. 1](#s0090){ref-type="sec"} for a schematic diagram.Fig. 1A. Altered FD or FC regions in the comparison between PD patients and HCs (FWE-corrected, p-value \< 0.05). Yellow streamlines represent that HC group have higher FD than PD patients in the genu of CC. Blue streamlines represent that PD patients have higher FD than HC group in the bilateral CST. Orange streamlines represent that PD patients have thicker FC than HC group in left SCP. B-C are the three-dimensional representation of the altered fibers. B shows the genu of CC, C is for bilateral CST and D is for left SCP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A tractogram was generated using whole-brain probabilistic tractography based on the population template. Twenty million streamlines were first generated and filtered to two million streamlines. Subsequently, the spherical-deconvolution informed filtering of tractograms (SIFT) algorithm was used to reduce reconstruction biases ([@b0275]). Since there was no dedicated fiber tract atlas in MRtrix3, to locate results to specific fibers, we compared the differential fixels with standard brain white matter atlases ([@b0205], [@b0215]) and visually identified fiber tracts according to their spatial location and fiber orientations.

2.3. Statistical analysis {#s0025}
-------------------------

Whole-brain comparisons were performed to identify group-differences in FBA metrics. The multiple comparisons correction was performed by combining the connectivity-based fixel enhancement (CFE) method and non-parametric permutation testing, which showed ([@b0250]) good control of family-wise errors (FWE). An FWE-corrected threshold of p \< 0.05 was used to determine significance.

General linear models (GLM) were used to perform group-comparisons, with age, gender, and education included as nuisance covariates. Firstly, t-tests were performed to examine the whole brain fixel differences in FD, log-FC, and FDC between the pooled PD and HCs. Secondly, analysis of variance (ANOVA) tests on FBA metrics were performed among the HCs, ES group, and MS group.

Mean FD and log-FC values were extracted from all participants for further post-hoc analysis based on the results of ANOVA tests. Specifically, a MRtrix3 command was used to threshold the statistical images and construct fixel masks from significant clusters in the ANOVA tests, and the masks were then used to extract the average FD or log-FC value for each subject. Finally, correlation analysis was performed to explore the association between fiber tract alterations and clinical symptoms. The Pearson's method was used to calculate the correlation between mean FD/log-FC values in the significant regions and clinical scales. Additionally, we extracted the mean FD values of the genu of the CC (gCC), which were significantly different between the PD patients and HCs, for further correlation analysis. Bonferroni and FDR correction were used for post-hoc comparison and correlation analyses, respectively.

3. Results {#s0030}
==========

3.1. Clinical and demographic characteristics {#s0035}
---------------------------------------------

As demonstrated in [Table 1](#t0005){ref-type="table"}, PD patients and HCs did not significantly differ in age, gender, and years of education. There were significant differences in HAMA (p \< 0.001), HAMD-17 (p \< 0.001), MMSE (p = 0.004) and UPDRS-III (p \< 0.001) scores between HCs and PD patients. There was no significant difference in gender (p = 0.419) and years of education (p = 0.058), and the HAMD-17 (p = 0.095) and HAMA (p = 0.063) scores between ES and MS PD patients. The age (p \< 0.001) and UPDRS-III (p \< 0.001) score were higher in MS patients than in ES patients. Additionally, the MMSE score (p = 0.932) was not different between ES and MS PD patients.Table 1Clinical and demographic data of participants.IndexESMSHCp valueHC vs. PDES vs. MSage56.08 ± 7.4361.46 ± 7.7560.3 ± 6.940.3460.001[\*](#tblfn2){ref-type="table-fn"}gender21/2024/3347/290.422[†](#tblfn1){ref-type="table-fn"}0.419[†](#tblfn1){ref-type="table-fn"}Years of education9.51 ± 4.057.86 ± 4.329.64 ± 2.820.0570.058HAMD-173.76 ± 3.705.33 ± 4.352.96 ± 3.90\<0.001[\*](#tblfn2){ref-type="table-fn"}0.095HAMA4.59 ± 4.046.18 ± 5.302.07 ± 2.70\<0.001[\*](#tblfn2){ref-type="table-fn"}0.063UPDRS-III13.68 ± 4.8929.88 ± 12.760.54 ± 1.16\<0.001[\*](#tblfn2){ref-type="table-fn"}\<0.001[\*](#tblfn2){ref-type="table-fn"}MMSE27.17 ± 2.8527.23 ± 3.5528.33 ± 1.680.004[\*](#tblfn2){ref-type="table-fn"}0.932[^1][^2]

3.2. Whole brain fixel-based analysis {#s0040}
-------------------------------------

### 3.2.1. Two sample *t*-test between pooled PD patients and HCs {#s0045}

[Fig. 1](#f0005){ref-type="fig"} shows the streamline segments after FBA. The FD in the gCC was significantly decreased in the PD patients compared to the HCs. PD patients also showed increased FD in the bilateral CST and increased log-FC in the left superior cerebellar peduncle (SCP) compared to HCs. When macro- and micro- structural fiber alterations were combined using the FDC metric, an increase in FDC was detected in the bilateral CST of PD patients. Since the area that showed differences in FDC was similar to the area that showed increased FD, we did not include additional figures.

### 3.2.2. ANOVA tests among HC, ES, and MS groups {#s0050}

[Fig. 2](#f0010){ref-type="fig"} shows that FD and FDC of the right CST, and log-FC of the left SCP were significantly different among the three groups.Fig. 2Fixel abnormalities among ES PD patients, MS PD patients and HCs (FWE-corrected, p-value \< 0.05). FD and FDC of right CST and log FC of left SCP were significantly different among the three groups.

3.3. Post-hoc analysis {#s0055}
----------------------

ANOVA revealed significant differences in the mean FD and log-FC values in fixels ([Fig. 3](#f0015){ref-type="fig"}). Bonferroni correction was used for post-hoc analysis. As shown in [Table 2](#t0010){ref-type="table"}, the mean FD value of the CST of ES PD patients (mean = 0.723, SD = 0.057) was higher than that of the HCs (mean = 0.683, SD = 0.066), and the mean FD value of the CST of MS PD patients (mean = 0.759, SD = 0.068) was the highest among the three groups. The differences between the ES group and HCs (*p* = 0.004) and between the MS group and HCs (*p* \< 0.001) were significant. The mean log-FC value of the SCP of MS PD patients (mean = -0.016, SD = 0.084) was the highest, followed by that of ES PD patients (mean = -0.025, SD = 0.078), and that of HCs (mean = -0.083, SD = 0.073). The differences between ES patients and HCs (*p* \< 0.001) and between MS patients and HCs (*p* \< 0.001) were significant.Fig. 3Results of post-hoc pair-wise comparisons of mean FD values and log FC values extracted from the significant fixels after ANOVA analysis.Table 2Mean fixel values significant regions in ANOVA tests from all participants.IndexESMSHCPost-hoc[\#](#tblfn4){ref-type="table-fn"}MEANSDMEANSDMEANSDES vs. MS[\#](#tblfn4){ref-type="table-fn"}ES vs. HC[\#](#tblfn4){ref-type="table-fn"}MS vs. HC[\#](#tblfn4){ref-type="table-fn"}FD of CST0.7230.0570.7590.0680.6830.0660.025[\*](#tblfn3){ref-type="table-fn"}0.004[\*](#tblfn3){ref-type="table-fn"}\<0.001[\*](#tblfn3){ref-type="table-fn"}log-FC of SCP−0.0250.078−0.0160.084−0.0830.0730.54\<0.001[\*](#tblfn3){ref-type="table-fn"}\<0.001[\*](#tblfn3){ref-type="table-fn"}[^3][^4]

3.4. Correlation analysis between imaging metrics and clinical scales {#s0060}
---------------------------------------------------------------------

As shown in [Fig. 4](#f0020){ref-type="fig"} and supplementary [Table 1](#t0005){ref-type="table"}, mean FD values of the gCC of PD patients were negatively correlated with the UPDRS-III scores (*r* = -0.257, *p* = 0.032), HAMD-17 scores (*r* = -0.23, *p* = 0.033), and HAMA scores (*r* = -0.248, *p* = 0.032). The mean log-FC values of the SCP of PD patients were positively correlated with the UPDRS-III scores (*r* = 0.384, *p* \< 0.001). Additionally, the FD values of the CST of PD patients were positively correlated with UPDRS-III scores (*r* = 0.274, *p* = 0.028).Fig. 4Correlations between exacted values of mean FD and mean log FC of PD patients and clinical scales.

4. Discussion {#s0065}
=============

In the present study, we applied a novel fixel-based analytical method to investigate fiber tract alterations in PD patients. Both increased and decreased white matter integrity were found in specific fiber bundles of PD patients. Additionally, these alterations were associated with motor impairments and were different across disease stages. These findings could help us better understand brain-circuit changes in PD and potentially help in the diagnosis and treatment of PD.

The implementation of FBA enables the identification of white matter changes within specific fiber bundles. Significant FD reduction was observed in the gCC in all PD patients compared to HCs, reflecting axonal loss at the microstructure level ([@b0255]). Although the result had not been found in ANOVA tests, possibly due to the lack of statistical power, it is consistent with several previous studies showing that the white matter integrity of gCC was decreased in PD patients ([@b0095], [@b0160]). Additionally, we also found a significant negative correlation between the mean FD values of the gCC and motor symptoms, indicating a possible contribution of frontal circuit dysfunction to motor symptoms. The gCC connects the bilateral prefrontal lobes ([@b0135], [@b0335]), which are important for cognitive and motor executive functions ([@b0085], [@b0220], [@b0290], [@b0355]). It should be noted that motor functions such as learning, planning and execution are cognition dependent. Indeed, studies have reported that activity in the prefrontal areas increased during motor tasks ([@b0065], [@b0270]). In patients with PD, regional cerebral blood flow (rCBF) decrease in the prefrontal cortex was associated with worse UPDRS-III scores ([@b0165]). Meanwhile, several studies ([@b0055], [@b0315]) in PD patients who presented with tremor, freezing of gait, or walking difficulties demonstrated reduced FA in the gCC. Therefore, the disruption of the gCC may affect the executive function and aggravate motor impairments. Taken together, the aforementioned studies show that alterations in the gCC are very important for motor symptoms in PD patients.

The FD of the bilateral CST was higher in PD patients than in HCs. CST is an important projection fiber tract that controls motor movements. Interestingly, alterations in CST were rarely reported in previous studies in PD patients. Studies that performed either whole-brain comparisons ([@b0150], [@b0230]), fiber tracking, or region-of-interest analysis ([@b0180], [@b0210]) failed to find CST abnormality. It is possible that the alteration in the CST was not large enough and might have been masked by crossing fibers. Indeed, the CST runs vertically and crosses the SLF as well as several other fibers ([@b0320]). Therefore, in voxels that contain both CST and other fibers that run horizontally, traditional tensor-based metrics might be less sensitive to CST-specific changes. By using FBA, we can directly assess alterations within specific fiber tracts, allowing us to reveal subtle alterations in a single fiber bundle. Moreover, we found that the mean FD values of the CST were positively correlated with the UPDRS-III scores. While the detailed mechanism underlying such an association still needs further clarification, it may be due to compensatory mechanisms. Because brain networks are dynamically organized, when certain parts of the motor circuitry are damaged, some other structures may reorganize or strengthen to compensate for the motor impairment. In stroke patients, increased CST integrity in the contralateral brain hemisphere may benefit stroke recovery ([@b0080]). Increased cortical ([@b0330], 2015) and cerebellar activation ([@b0260], [@b0325]) has been frequently reported in PD patients, which may compensate for the dysfunction of basal ganglia nucleus. Here our results suggested that the CST may be enhanced to make up for the loss of excitability in the cortical-striatal circuit. The increased FD of the CST was detected in both ES and MS PD patients, suggesting that the compensatory effect may start from ES and extend into the MS.

We also found that the log-FC of the SCP was significantly increased in PD patients compared to HCs. Additionally, the mean log-FC values of the SCP were positively correlated with the UPDRS-III scores. The SCP originates from deep cerebellar nuclei, including the fastigial nucleus, interpositus nucleus, and dentate nucleus ([@b0280]). The cerebellum is connected to other brain structures by white matter fibers and plays a crucial role in many functional networks, especially motor networks ([@b0100]). Previous studies have shown that the cerebellum and basal ganglia have distinct loops that are connected with largely overlapping areas, including the cerebral cortex ([@b0225]), striatum ([@b0130]), and subthalamic nucleus ([@b0040]). These connectivity patterns underlie the cerebellum\'s ability to compensate for the basal ganglia dysfunction. [@b0195] found that the cerebellum influenced motor function through the cerebello-thalamo-cortical circuit. Although alterations in SCP were rarely reported in previous studies involving PD patients, the cerebellum's compensatory effect was frequently reported. [@b0345] found, through task-based functional magnetic resonance imaging, that in PD patients with movement disorder, during exercise experiments, motor regions were inhibited while cerebellar regions were activated. Additionally, cerebellar hypermetabolism has been speculated to reflect compensatory activity to maintain motor functions ([@b0325]).

In a recent study, [@b0265] applied the FBA method to study longitudinal white matter fiber changes in PD patients. Their study involved 50 PD patients and two-year longitudinal observations. In comparison with 76 healthy controls, they did not find any significant alterations in PD patients. Longitudinal changes were found in the corpus callosum, tapetum, cingulum, and other regions. The degeneration of the corpus callosum reported in their study was generally consistent with our findings. It is worth noting that they also reported a temporary increase in FD/FC in several fiber tracts. The different cross-sectional results may partly be due to the different sample characteristics and acquisition schemes. Our study involved a larger sample size (98 patients), which may have enabled us to detect more changes. While the multi-shell acquisition scheme is better for resolving fiber orientations, the aforementioned study sacrificed some brain regions in order to scan the cerebrum, possibly due to the weak clinical scanner gradient and the inability of PD patients to tolerate long scan times. In the present study, we scanned the whole brain and found alterations in the cerebellar fiber tract.

Here we had not found alterations in the nigrostriatal and mesolimbic pathways, which are also common in most previous studies ([@b0015], [@b0020]). It is possible that fibers connecting these structures are too thin to be found using routine dMRI acquisition and analysis method. Indeed, [@b0285] up-sampled the dMRI data to 1 mm^3^, performed fiber tracking and revealed decreased FA in the Nigrostriatal-Nigropallidal pathway. [@b0350] also up-sampled the dMRI data to 1 mm^3^, and found decreased FA in the nigrostriatal pathway. While the up-sampling method may help detect changes in these pathways, its validity and reliability are yet to be confirmed. With the development of high-field imaging and multi-band acceleration method, studies using ultra-high resolution (\~1mm) dMRI acquisition protocols may be ideal for answering this question.

In line with expectations, our findings suggest that PD patients exhibit both microstructural and macrostructural alterations in multiple white matter tracts. Based on these findings, we propose that white matter degeneration may occur in a specific pattern across different stages of PD ([Fig. 5](#f0025){ref-type="fig"}). The degeneration of dopaminergic neurons starts at the very beginning of PD development. As the disease progresses to the early stage of PD, basal ganglia functions are gradually impaired, and the CST compensates for the motor insufficiency. With further disease exacerbation, the CC degenerates continuously, and motor functions shift from the basal ganglia circuit towards the relatively preserved cerebellar circuit, leading to increased FC in the SCP. Indeed, these degeneration/compensation mechanisms have been demonstrated in previous studies ([@b0070], [@b0195], [@b0265]) that suggest the occurrence of a complicated brain re-organization process during PD progression. Further confirmation and elucidation of these changes may provide important insights into the unique development course of PD.Fig. 5Schematic diagram of fiber tract structural changes during the development Parkinson\'s disease.

5. Limitations {#s0070}
==============

There are a few limitations to our study. Patients in our MS PD group were older than those in the ES PD group. Although we regressed out the effect of age during general linear model analysis, the nonlinear effect may have acted as a confounding factor. Second, all our patients were right-handed. Therefore, the left CST was inherently more dominant than the right ([@b0140]). This might be the reason why, among the three groups, a difference in the FD of the CST could only be found on the right side. Third, it should be noted that multi-shell and higher b-value data are ideal for accurately estimating fiber orientations. However, it may be difficult to acquire multi-shell dMRI data using clinical scanners, and some studies emphasized that data with a single b-value could also produce relatively robust results ([@b0145], [@b0295]). Further multi-shell dMRI studies are needed to verify our findings.

6. Conclusion {#s0075}
=============

In the present study, we implemented a novel dMRI analysis method and found that PD patients exhibited both axonal loss and growth within specific fiber pathways. Moreover, fiber alterations were different across disease stages and correlated with different clinical symptoms. The increase in FD in the CST and FC in the SCP suggests that the white matter may compensate for neuronal damage caused by PD pathology. Due to the exploratory nature of the present study, future studies are needed to validate our findings and clarify the related pathophysiological mechanisms.
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[^1]: for chi-square, others were *t*-test.

[^2]: p \< 0.05.

[^3]: p \< 0.05.

[^4]: Bonferroni correction.
